Background--Elevated levels of osteoprotegerin, a secreted tumor necrosis factor-related molecule, might be associated with adverse outcomes in patients with coronary artery disease. We measured plasma osteoprotegerin concentrations on hospital admission, at discharge, and at 1 and 6 months after discharge in a predefined subset (n=5135) of patients with acute coronary syndromes in the PLATO (Platelet Inhibition and Patient Outcomes) trial.
O steoprotegerin, a member of the tumor necrosis factor receptor superfamily, exerts pleiotropic effects on bone metabolism, endocrine function, and vascular inflammation, 1 at least partly through acting as a decoy receptor for the receptor activator of nuclear factor-jB ligand. 1 Osteoprotegerin may colocalize with von Willebrand factor (vWF) in platelets and on endothelial cells and is rapidly released by inflammatory stimuli. [2] [3] [4] Furthermore, osteoprotegerin is expressed within the failing myocardium in both experimental and clinical heart failure, 5 and osteoprotegerin expression has been observed in thrombotic material obtained from the site of plaque rupture during myocardial infarction (MI). 6 Thus, osteoprotegerin seems to be a multifaceted mediator with relevance for vascular and atherosclerotic disorders, although details of its pathways of actions are still sparsely understood. [2] [3] [4] Circulating biomarkers provide independent information on risk for adverse outcomes on top of established demographic and clinical variables in patients with acute coronary syndromes (ACSs). [7] [8] [9] [10] [11] In addition to the established natriuretic peptides and cardiac troponins, which have been extensively evaluated and shown to be suitable biomarkers for prognosis and/or risk stratification of ACS, 12, 13 the recently characterized inflammatory marker, growth differentiation factor-15 (GDF-15), may also provide additional clinically useful prognostic information in ACS. 14 Also, cystatin C, a marker of kidney function, has recently gained increasing relevance as an independent marker of mortality in ACS. 15 Accordingly, we have recently shown that NT-proBNP (N-terminal pro-B-type natriuretic peptide), 9, 10 high-sensitivity troponin T (hs-TnT), 9 ,10 GDF-15, [8] [9] [10] and cystatin C 7 display independent associations with cardiovascular outcomes, including cardiovascular death, in the PLATO (Platelet Inhibition and Patient Outcomes) trial. Therefore, they represent important adjustment variables for evaluating the independent contribution of new biomarkers to prognosis.
Elevated osteoprotegerin levels have similarly been associated with all-cause mortality 16, 17 and cardiovascular outcomes, like MI 18 and heart failure, 19 in patients with established coronary artery disease or ACS. In addition to the potential modulatory role of osteoprotegerin on hemostasis through interactions with vWF, elevated circulating osteoprotegerin concentrations have been associated with increased risk of bleeding complications in patients with polycythemia vera, 4 a condition with increased risk of both thrombotic and hemorrhagic complications. Nonetheless, the clinical importance of osteoprotegerin as a risk factor of bleeding complications has never been reported in patients with ACS. 8 The PLATO trial encompassed a broad ACS population and proved ticagrelor to be superior to clopidogrel in reducing the composite end point of cardiovascular mortality, MI, or stroke. There was no difference in the overall rates of major bleeding, but there was an increase in bleeding unrelated to coronary artery bypass grafting (CABG). 20, 21 In the current PLATO trial substudy, we evaluated osteoprotegerin levels on hospital admission and during 6 months of follow-up after ACS, together with important prognostic biomarkers, in relation to the composite end point of cardiovascular death, spontaneous MI, and stroke as well as to major non-CABG-related bleeding. 20, 21 Finally, we explored the changes over time in osteoprotegerin concentrations from admission through 6 months of follow-up.
Methods

Design and Study Population
The randomized placebo-controlled PLATO trial included a total of 18 624 patients with ACS. 20, 21 The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The patients presented with either ST-segment-elevation (STE) ACS or non-STE ACS and were randomized to either clopidogrel or ticagrelor treatment in addition to optimal medical therapy, including aspirin, and optional invasive therapy. 20, 21 The need for additional oral anticoagulant therapy (ie, triple therapy) after inclusion was a contraindication in the PLATO trial. Patients were recruited between October 11, 2006 and July 17, 2008, and were followed up for up to 12 months after ACS. Venous blood samples were obtained from all patients at randomization as part of the main study. In addition, there was a predefined substudy with serial blood sampling conducted at selected sites aiming to obtain samples from 4000 patients at hospital discharge and after 1 month and from at least 3000 of these patients also at 6 months. 20, 21 All patients at these selected sites were continuously invited to
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the substudy, and inclusion of new patients proceeded until it was estimated that at least 3000 patients would be available for blood sampling at 6 months. Patients with a blood sample at baseline and at least 1 additional blood sample during follow-up were eligible for inclusion in the current analyses. The overall aims of the biomarker substudy program have previously been published. 20, 21 The study adhered to the Declaration of Helsinki, the research protocol was approved by national and institutional regulatory and ethics committees, and written informed consent was obtained from the patients.
End Point Definition and Follow-Up
The prespecified primary end point of the present substudy was the composite of cardiovascular death (defined as any cardiovascular cause of death, sudden death, or any death with no clear attributable noncardiovascular cause), spontaneous MI (defined as non-procedure-related, nonfatal, MI type 1 22 ), or stroke within 1 year of follow-up. 20 The components of the composite end point were also evaluated separately. The secondary end point was PLATO-defined non-CABG major bleeding, defined as follows: bleeding that was fatal, bleeding that was intracranial, bleeding that required ≥2 U of blood transfusion, or bleeding with a decrease in hemoglobin of >5 g/dL 20 (but not if directly related to a CABG operation). 20 All end points in the PLATO trial were centrally adjudicated by an independent and blinded clinical events adjudication committee (A. A. and S.K.J.), comprising cardiologists or neurologists, to subclassify causes of death and to subdivide types of MI, stroke, and bleeding events.
20,22
Sampling and Laboratory Analysis
Baseline venous blood samples were obtained within 24 hours of admission, before the administration of study medication. The venous blood was centrifuged, and the plasma samples were locally frozen in aliquots and stored at À70°C in a central repository at Uppsala Biobank until biochemical analyses were performed. Osteoprotegerin concentrations were determined by enzyme-linked immunoassay (R&D Systems, Stillwater, MN), as previously described and validated. 23 Briefly, wells were coated overnight with monoclonal mouse anti-human osteoprotegerin antibody in sterile PBS. The standard was recombinant osteoprotegerin. Subsequent steps included biotinylated polyclonal goat anti-human osteoprotegerin, streptavidin horseradish peroxidase, and tetramethylbenzidine as substrate (ThermoFisher Scientific, By, MA). The mean recovery of 2 samples spiked with different concentrations of recombinant osteoprotegerin was 93%. The intra-assay and interassay coefficients of variation of osteoprotegerin in the present study were 2.6% and 6.0%, respectively. The sensitivity, defined as the meanAE3 SDs of the zero standard, was calculated to be 15 pg/mL. Hs-TnT, NT-proBNP, and cystatin C were determined with sandwich immunoassays on the Cobas Analytics e601 Immunoanalyzer (Roche Diagnostics, Mannheim, Germany). White blood cell (WBC) count and high-sensitivity C-reactive protein (hs-CRP) were analyzed at the UCR Laboratory (Uppsala, Sweden), with a spectrophotometric analysis (Architect; Abbott, IL). GDF-15 was measured with a precommercial assay (Roche Diagnostics) using a monoclonal mouse antibody for capture and a monoclonal mouse antibody fragment for detection in a sandwich assay format. The results of these analyses in relation to outcomes and effects of study treatment have previously been reported.
8-10
Statistical Analysis
Osteoprotegerin concentrations at all time points are presented as medians with interquartile ranges (IQRs). The changes of osteoprotegerin concentration over time were tested by Wilcoxon signed-rank test. Baseline characteristics are presented by osteoprotegerin quartile groups. Categorical baseline variables are presented as frequencies and percentages and compared by quartile groups of osteoprotegerin using v 2 tests. Continuous baseline variables are presented as medians and IQRs and compared by quartile groups of osteoprotegerin using the Kruskal-Wallis test. Natural logarithmic transformations were performed for biomarker levels to obtain an approximate normal distribution. The relationship between osteoprotegerin and baseline characteristics and biomarkers was assessed by multivariable linear models. We calculated geometric means using the antilogarithms of the model-adjusted means (ie, predicted marginal means) and subsequently compared geometric means between groups (eg, men/women) using ratios.
Crude event rates at 1 year, by osteoprotegerin quartile groups at baseline, were estimated, as were Kaplan-Meier event rates. The functional form of the relationship between osteoprotegerin and outcomes was explored using cumulative sums of martingale residuals and restricted cubic splines. 24 The associations of osteoprotegerin concentrations (logarithm transformed), on admission, with the composite end point of cardiovascular death, spontaneous MI, or stroke and the secondary end points of cardiovascular death and bleeding were assessed by multivariable Cox proportional hazards models. The hazard was based on a 50% increase in biomarker concentration. Six models, with incremental addition of covariates, were used. Model 1 included the randomized treatment (ticagrelor or clopidogrel). Model 2 added the following clinical baseline risk factors: age, sex, body mass index, diabetes mellitus, chronic kidney disease, hypertension, smoking status, type of ACS, and history of heart failure, MI, percutaneous coronary intervention, CABG, stroke, or peripheral artery disease. Model 3 included all variables from model 2 together with hs-CRP level and WBC count. Model 4 included all the previously mentioned covariates with the addition of cystatin C, a marker of kidney dysfunction, which is strongly associated with an adverse outcome in this population. 7 Model 5 included all previously mentioned variables in addition to hs-TnT and NT-proBNP. Model 6 included all previously mentioned variables and GDF-15. For end points where osteoprotegerin was significantly associated in model 6, discrimination was assessed using the Harrell C-index. The multivariable models with and without osteoprotegerin were compared in terms of global model fit using likelihood ratio tests. The effects of osteoprotegerin levels on outcomes in relation to predefined subgroup factors (ie, randomized treatment, ACS type, invasive/noninvasive in-hospital treatment approach, diabetes mellitus, sex, and smoking) were evaluated using Cox proportional hazards models. These models included quartile-divided osteoprotegerin levels, the respective subgroup factor, and the osteoprotegerin subgroup factor interaction term as independent variables. The proportional hazards assumption was assessed by visual inspection of Schoenfeld residual plots. A 2-sided P<0.05 was considered to be statistically significant, and there were no adjustments for multiple comparisons. All statistical analyses were performed with SAS 9.4 (SAS Institute, Cary, NC).
Results
Osteoprotegerin at Baseline and in Relation to Baseline Characteristics
Baseline osteoprotegerin concentrations were available in 5135 patients, with a median (IQR) of 2.65 (2.02-3.62) ng/ mL. The blood samples for osteoprotegerin analysis were collected a median (IQR) of 15 (IQR, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) hours after the index event or a median (IQR) of 10 (3-17) hours after admission.
The background characteristics for the entire study population with biomarkers available at baseline (n=16 401) have previously been reported. 7 Baseline characteristics by osteoprotegerin quartile groups are presented in Table 1 and showed that higher osteoprotegerin levels were associated with several demographic features and several biomarkers. Multivariable linear regression identified increasing age, female sex, STE ACS, increasing levels of hs-TnT, GDF-15, hs-CRP, and WBC, and lower cystatin C as the most prominent predictors of osteoprotegerin at baseline (Table 2 ). In contrast, the hs-TnT level was not associated with osteoprotegerin levels at 1 month. Age, female sex, GDF-15, and hs-CRP were the strongest predictors of osteoprotegerin at 1 month.
Osteoprotegerin Concentrations During FollowUp
In patients with a baseline osteoprotegerin concentration and at least 1 follow-up sample (N=4679), the median (IQR) concentration was 2.65 (2.02-3.62) ng/mL at baseline. Figure 1 (Table 3 ).
Osteoprotegerin and Cardiovascular Outcomes
During a predefined follow-up of 1 year (median, 9 months), the primary end point was observed in 434 patients (8.5%; 193 cardiovascular fatalities, 241 spontaneous MIs, and 62 stroke events). Restricted cubic spline analysis revealed a relatively linear association between high osteoprotegerin levels at baseline and incidence of the primary end point ( Figure 2 ). Kaplan-Meier analysis ( Figure 3A ) revealed increasing event rates for the composite end point by quartiles of baseline osteoprotegerin: 5.2%, 7.5%, 9.2%, and 11.9% for quartiles 1 to 4, respectively. As shown in Figure 4A , the unadjusted hazard ratio (HR) and 95% confidence interval (CI), per 50% increase in baseline osteoprotegerin concentration, was 1.31 (1.21-1.42). The association remained significant after adjustment for clinical characteristics and biomarkers of inflammation (ie, hs-CRP and WBC count). However, after full multivariable adjustment, including the cardiac biomarkers and GDF-15, the HR (95% CI) was 0.98 (0.88-1.09). The HR for cardiovascular death alone was strongly attenuated and not significant after the addition of hs-CRP and WBC count. Admission osteoprotegerin levels were not associated with risk of stroke, whereas the association with spontaneous MI was not significant after adjustment for clinical characteristics (Table 4) .
Osteoprotegerin and Major Bleeding
During follow-up, 200 patients had at least 1 non-CABGrelated major bleeding event. Cubic spline analysis indicated an increase in risk of non-CABG-related major bleeding from the third quartile (>2.7 ng/mL) of osteoprotegerin at admission ( Figure 2 ). As shown in the Kaplan-Meier graph (Figure 3B) , a particularly high risk of bleeding was found among patients in the top quartile group of osteoprotegerin (>3.6 ng/mL), with an HR (95% CI) of 3.19 (2.12-4.79) There was also a significant association between osteoprotegerin and non-procedure-related major bleeding in the fully adjusted model (n=99; HR, 1.24 [95% CI, 1.02-1.50]; P=0.0325). There were no interactions between osteoprotegerin levels and outcomes by randomized treatment or by other tested subgroups, including type of ACS (STE or non-STE ACS), diabetes mellitus, age, or sex.
Osteoprotegerin Concentrations and Outcomes at 1 Month
Osteoprotegerin levels at 1 month were associated with the occurrence of the primary composite end point after 1 month (n=240), with an HR (95% CI) of 1.59 (1.38-1.83). After adjusting for inflammatory markers, the association between osteoprotegerin at 1 month and the composite end point was not significant: HR (95% CI), 1.19 (0.98-1.66) ( Figure 4A ). The number of non-CABG-related major bleeding events after 1 month was low (n=75). Nonetheless, the randomized treatment-adjusted and fully adjusted HRs (95% CIs) were 1.78 (1.38-2.28) and 1.33 (0.91-1.96), respectively, per 50% increase in osteoprotegerin at 1 month (n=47) ( Figure 4B ). The number of nonprocedural major bleeding events after 1 month was 58. This limited further statistical analyses.
Discussion
In patients with ACS treated with dual antiplatelet treatment, the osteoprotegerin concentration was independently associated with increased risk of bleeding after adjustment for clinical risk factors and multiple biomarkers prognostic for both cardiovascular events and bleeding. In contrast, although there were independent associations between the osteoprotegerin level on admission and after 1 month and the primary composite cardiovascular end point of cardiovascular death, spontaneous MI, or stroke after adjustment for clinical characteristics and biomarkers of inflammation, these were not sustained after complete adjustment for biomarkers of cardiac function and GDF-15.
This study, for the first time in patients with ACS, showed that increasing levels of osteoprotegerin were associated with bleeding complications during antiplatelet treatment. The magnitude of the association between osteoprotegerin at admission and bleeding was only marginally affected by the addition of any biomarker and significantly improved the performance of the multivariable model, indicating that the role of osteoprotegerin on bleeding outcomes may be exerted via pathways not reflected by other biomarkers. The final addition of novel biomarker GDF-15 was crucial because this marker has a proven strong association with bleeding outcomes. 8 A low circulating level of the endothelial activation marker vWF is a risk factor for bleeding. 25 Osteoprotegerin binds vWF with high affinity, and this complex is present in vivo and may influence bleeding risk. 2, 3 In addition, osteoprotegerin may bind vWF reductase, thrombospondin-1, and in late stages of thrombus formation, this interaction may promote proteolysis of vWF multimers and prevent platelet aggregation. 2 This may be beneficial in limiting further plaque progression; however, it could also promote bleeding. Finally, osteoprotegerin is a modulator of vascular calcification and is correlated with coronary calcium scores in the CI indicates confidence interval. *n includes patients with osteoprotegerin samples available at both baseline and the respective visit. †
The geometric means are calculated using the antilogarithms of the model-adjusted means of the logarithm-transformed data. ‡ P values from an ANCOVA model with the natural logarithm of osteoprotegerin as the outcome variable and logarithm baseline osteoprotegerin and randomized treatment (ticagrelor or clopidogrel) as independent variables. general populations 26 and in patients with coronary artery disease. 27 Because the degree of coronary calcification is a risk factor for non-CABG-related major bleeding in ACS, 28 it is conceivable that the association between osteoprotegerin and bleeding risk in our study could reflect effects of calcified arteries on bleeding. Such interactions between osteoprotegerin, hemostasis, and calcification warrant further exploration. The serial analyses of osteoprotegerin revealed a decrease in median levels that stabilized at the 1-month follow-up. The effect of osteoprotegerin on bleeding and the univariate association with ischemic end points and mortality all exhibited numerically greater point estimates at 1 month. However, the number of events, especially bleeding events, rapidly decreases after the first month of the follow-up, and this is reflected by the large CIs at 1 month. Thus, although the association with bleeding was not significant in the fully adjusted model at 1 month, our data support that osteoprotegerin may be a novel and stable marker for major bleeding in the setting of ACS and antithrombotic therapy. However, we are unable to draw any conclusions on a possible causative role of osteoprotegerin on ischemic events or bleeding in patients with ACS receiving antithrombotic therapy. Furthermore, it would also be of interest in forthcoming studies to evaluate if osteoprotegerin could be a bleeding biomarker in patients not taking dual antiplatelet therapy or aspirin monotherapy. Several biomarkers, on admission for ACS, provide clinically important information on risk for cardiovascular morbidity and mortality, including NT-proBNP (myocardial dysfunction), 9, 10 cardiac troponins (myocardial necrosis), 29 and cystatin C (kidney function). 7, 11 Circulating osteoprotegerin has been reported to be associated with cardiovascular outcomes, including mortality, MI, and incident heart failure, in several ACS cohorts. [16] [17] [18] [19] However, although most of these studies include natriuretic peptides, 16, 17, 19 troponins, [16] [17] [18] and CRP [16] [17] [18] in their adjustment strategy, none include GDF-15, which increases in response to myocardial stress associated with inflammation and tissue damage 30 and is becoming a recognized biomarker in ACS. 9, 10, 14 In this large study population, the association between high osteoprotegerin levels at admission and risk of the primary end point or cardiovascular death was markedly attenuated and no longer significant after addition of NTproBNP, hs-TnT, and GDF-15 to the model that included clinical variables and inflammatory biomarkers. This finding suggested that osteoprotegerin in the short-term phase could reflect a local or systemic inflammatory response to myocardial necrosis, but could not independently predict prognosis. Osteoprotegerin is strongly expressed within the failing myocardium, 5 correlates with infarct size after ACS, 31 and was strongly associated with cardiac troponin levels in the short-term phase in our study. Thus, a strong influence of the short-term phase reaction could attenuate the association with adverse ischemic events, as is seen for CRP. 32 At 1 month, hs-CRP and, in particular, GDF-15 were among the strongest predictors of osteoprotegerin; they are more closely related to adverse cardiovascular outcomes in our cohort and could, therefore, partly explain the lack of association with outcomes, compared with other studies that lack GDF-15 measurements. Differences compared with our previous report in 897 patients with ACS, in whom an association between high osteoprotegerin levels at admission and all-cause mortality was observed, could also be attributable to the markedly longer follow-up time (89 months) and, thus, a larger proportion and incidence of fatalities. 17 Nonetheless, similar to the present study, the relationship between osteoprotegerin and MI was not significant in adjusted analysis. 17 Also, in a study by
Roysland et al, who evaluated osteoprotegerin in 4463 patients with non-STE ACS with a similar follow-up as our study, 16 the association with MI was not present in adjusted analysis, although an association with cardiovascular death persisted in adjusted analysis.
Limitations
The current study provides insights to the role of osteoprotegerin in a population with ACS, but it has some limitations. The PLATO trial comprises a broad population with ACS. However, patients requiring dialysis or with recent significant bleeding were not eligible. Furthermore, because mortality 33 ). Because we were unable to account for these diseases and comorbidities, we cannot exclude that they would influence our results. However, our cohort is a representative population with ACS (ie, no inclusion/exclusion criteria to expect any particular selection).
Conclusion
In patients with ACS treated with dual antiplatelet therapy, we observed an independent association between osteoprotegerin concentrations and the risk of major bleeding both at baseline and after 1 month. Osteoprotegerin levels were also associated with ischemic cardiovascular outcomes, even when adjusting for clinical characteristics and biomarkers of inflammation and kidney function (but not for cardiac biomarkers and GDF-15). High osteoprotegerin levels may be useful in increasing awareness of increased bleeding risk in patients with ACS receiving antithrombotic therapy.
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